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Abstract

The underlying mechanisms connecting correlated behaviors in wild populations remain largely unknown. Food-caching
behavior is a prime example of an adaptive, compulsive-like behavior with a strong underlying innate drive—it starts
after early development and is critical for survival—and individuals of some species rigorously and continuously cache
up to tens of thousands of individual food items each season. Another behavior whose base processes may share similar
underlying innate drive is nest building, as it involves repeatedly bringing material to the nest site often in a fixed pattern.
There are various hypotheses attempting to explain inter- and intra-specific variation in nest characteristics, traditionally
considering fitness-related consequences of such variation. Apparent non-functional nest variation remains largely
unexplored but may have an association with other innately driven behaviors unrelated to nest building but potentially
associated via a shared mechanism, such as food caching. Here, we show that individual variation in food hoarding is
associated with differences in nest size in mountain chickadees (Poecile gambeli): individuals that cache more food also
build bigger nests. Both behaviors are highly repeatable within individual females, but variation in nest size does not
seem to have fitness consequences in our system. This finding suggests a possible connection in which the properties of
one adaptive behavior may spillover and influence the outcome of another more neutral behavior, likely controlled by the
same general underlying mechanism.

Significance statement

Food storing and some aspects of nest-building behavior are highly repetitive actions that appear compulsive-like in nature.
We show that these two behaviors are correlated in a wild avian food-caching species, the mountain chickadee: individual
females in a wild population that cache more food also build larger nests. Both behaviors were highly repeatable within
individual birds across time and climatic condition. Food storing is highly adaptive in chickadees, whereas nest size appears
to have little effect on offspring fitness in this system. Therefore, our data suggest that these two compulsive-like behaviors
may be controlled by the same general mechanism and the strong innate drive of adaptive food caching may spillover to
potentially impact neutral nest building.
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(Sih et al. 2004a). Despite this, the underlying mechanisms
and evolutionary implications of these behaviors remain
largely unexplored (Sih et al. 2004a, b). A consequence
of individuals exhibiting consistent behaviors across
heterogeneous situations is that (i.e., bold or shy) individuals
may experience context-dependent tradeoffs (Sih et al. 2004b;
van Oers et al. 2004). How such tradeoffs are mediated on a
mechanistic level is largely unknown (Sih et al. 20044, b; van
Oers et al. 2004). Additionally, whether one or more of the
focus behaviors is under strong selective pressure may shape
the interaction, both on a mechanistic and evolutionary scale,
of the behaviors within a suite (Sih et al. 2004a, b).

One behavior that is critical to survival and repeated
across years in highly variable contexts is food caching
in non-human animals (Vander Wall 1990). Food caching
appears to have evolved as an adaptation for sedentary spe-
cies residing in relatively harsh and variable environments
(Vander Wall 1990). Several avian species are well-known
scatter-hoarders (e.g., Corvids, Parids, Picids), where indi-
vidual birds may store tens or even hundreds of thousands
of individual food items during late summer and through-
out the fall for later consumption (Pravosudov 1985; Vander
Wall 1990; Pravosudov and Roth 2013). Individuals rely on
these caches when food is scarce for overwinter survival
(Vander Wall 1990; Clayton 1992; Clayton and Dickinson
1999; Pravosudov and Clayton 2002; Pravosudov and Roth
2013; Sonnenberg et al. 2019) and in some cases (e.g., in
Canada and Siberian jays) for reproduction (Derbyshire
et al. 2019; Sutton et al. 2019). The underlying motivational
drive of long-term caching behavior appears highly rigid
and compulsive-like—individuals start caching soon after
becoming independent (Pravosudov 2006) and will, during
the appropriate season, continue caching available food until
supplies are depleted (Pravosudov and Roth 2013). Some
species (e.g., Parids, Corvids, and Picids) will even cache
non-food items, such as stones, in captive conditions once
food resources are depleted (Kilham 1963; Clayton 1992;
Clayton et al. 1994; Bugnyar et al. 2007) or begin caching
early in development before retrieval behavior initiates (Sud-
dendorf and Busby 2003).

Caching drive varies across species, populations, and
environments, with some species showing sensitivity to
pilfering, resource type, presence of conspecifics, and body
condition (Lucas et al. 1993; Clayton et al. 2005; de Kort
et al. 2007; Pravosudov 2008). However, Parids appear to
be especially driven to cache food and will cache every few
minutes throughout the day over the entire duration of the
long-term caching period (Pravosudov 1985, 2006), caching
double the amount they need to consume to survive the winter
(Pravosudov 1985). In addition, food-caching Parids, unlike
some Corvids, do not reduce their caching rates in different
social settings (i.e., when observed by potential pilferers)
(Pravosudov 2008; Pravosudov et al. 2010) and actually
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increase their caching rates when caches were experimentally
pilfered (Lucas et al. 2001). There is indirect evidence that
baseline motivation to cache is heritable as individuals from
harsher winter climates cache significantly more under
controlled lab conditions compared to those from milder
environments (Pravosudov and Clayton 2002; Freas et al.
2012), and these differences remained present when birds
were hand-reared in identical captive environments (Roth
et al. 2012). Altogether, these data strongly suggest that the
baseline drive to cache can be described as compulsive. The
result of such strong compulsive drive is the caching of much
more than food than is necessary for survival (Pravosudov
1985) which is likely highly adaptive. Moreover, there is no
evidence that this overcaching behavior constitutes long-
term future planning in caching species (Suddendorf and
Corballis 2007). Harsh winter environments may frequently
create conditions when some cache locations may not be
accessible (e.g., snow storms) or disappear entirely (e.g.,
tree falls, deep snow). These same conditions may cause
short-term variation in caching intensity, but the overall drive
likely remains. Creating many more caches than is needed
can provide better assurance against risk of starvation—and
in small-bodied birds, risk of starvation is high (Pravosudov
2006). Evolving strong, compulsive-like drive to cache
appears to be an effective solution to this problem.

Small Parid species such as mountain chickadees (Poecile
gambeli) are well-known for exhaustively caching available
resources during the fall months when food items naturally
used for caching (e.g., seeds of various pine species) are
abundant (Haftorn 1992; Pravosudov, 1985; Clayton 1992;
Croston et al. 2016). Birds will also visit supplementary
feeders hundreds to thousands of times a day in addition
to natural sources to retrieve items to cache (Croston et al.,
2016). However, caching rates of naturally available food
peak in the fall, regardless of supplementation (Pravosudov
2006). The sheer number of detected daily caches and the
peak of caching, specifically during the periods of over-
abundant food, suggests that caching drive is mostly inde-
pendent from hunger state and may be more dependent on
innate impulse, as it is impossible for these small birds to
consume all these items in a 24-h period (Clayton 1992;
Pravosudov 2006; Croston et al. 2016). Additionally, these
food caches are generally consumed weeks and months after
the date in which they were made, furthering this assump-
tion (Vander Wall 1990; Pravosudov and Roth 2013). There
is, however, no evidence that caches are recovered and used
across years (Vander Wall 1990). Caches are a reliable food
source and are retrieved in order to cope with uncertain
climatic conditions over the winter months (Vander Wall
1990). Mountain chickadees residing in harsh environments,
where winter conditions persist for longer periods and are
more extreme, appear to require more food stores to survive
compared to populations from milder areas (Pravosudov and
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Roth 2013; Croston et al. 2016; Sonnenberg et al. 2019).
Chickadees from such environments have been shown to
cache more both in the wild and in captive laboratory set-
tings, reflecting this need (Freas et al. 2012; Croston et al.
2016).

Nest building has long been suspected of being controlled
purely by innate drive and fixed genetic mechanisms (Main-
waring et al. 2014; Hall et al. 2015; Anholt 2020), though
recent studies show the effect of experience in some spe-
cies (Walsh et al. 2011, 2013; Breen et al. 2016; Camacho-
Alpizar et al. 2021). Often, the process of nest construc-
tion requires the collection and subsequent incorporation
of hundreds of items into a cohesive structure and could
potentially be under the influence of a strong innate drive
with genetic underpinnings, as it involves highly repetitive
actions throughout the nest-building period (Mainwaring
et al. 2014; Anholt 2020). In fact, nest building in mice has
been shown to have a strong genetic basis, and inbred lines
can be selected for excessive nest-building behavior, which
is characterized in part by highly repetitive, compulsive-like
material gathering (Greene-Schloesser et al. 2011; Mitra and
Bult-Ito 2021). The size of a nest approximately reflects
the total number of gathering trips. In some ways, collect-
ing nest materials resembles food caching, as individuals
make repeated trips to gather and store materials. There is
a plethora of evidence suggesting that both intra- and inter-
specific variation in nest structure and composition may also
be related to local climate and experience (Britt and Deem-
ing 2011; Crossman et al. 2011; Mainwaring et al. 2014;
Camacho-Alpizar et al. 2021). However, some differences
in nest structures appear to have little to no apparent fit-
ness consequences, as demonstrated in mountain chickadees
(Sonnenberg et al. 2020). For example, large differences in
nest depth (which is a direct reflection of the overall nest size
associated with the amount of material female birds brought
to the nestbox) are not associated with reproductive outcome
or local climate across years with drastically different condi-
tions (Sonnenberg et al. 2020).

Such seemingly non-functional variation in nest size sug-
gests a possible link between unrelated behaviors that could
have a similar underlying innate mechanism of control in
which highly adaptive behaviors may spill over into other fit-
ness-neutral behaviors associated with the same mechanism.
Different behaviors resulting from similar underlying mech-
anisms could directly influence each other, especially if one
is under strong selection while the other is not. For example,
strong selection for an increased food-caching drive may
spillover to nest building and result in an explanation of
nest size that remains unresolved by environmental variation
during the breeding months (Sonnenberg et al. 2019, 2020).
We addressed this question via the association between food-
caching propensity and nest size within individuals at our

long-term field system in the northern Sierra Nevada, USA
(Kozlovsky et al. 2018).

Previously, we found that individual female mountain
chickadees built consistently sized nests across years, but
that the population showed large variation in nest size (as
measured by nest depth in standard-sized nestboxes), both
within and across elevations that was not explained by local
climate and resulted in no detectable fitness differences
(Sonnenberg et al. 2020). As such, we hypothesize that
food-caching and nest-building behaviors might be associ-
ated through a partially shared innate mechanism involv-
ing compulsive-like behaviors. Here, we (a) investigated
trait (caching propensity and nest size) repeatability and (b)
compared winter food-caching propensity with nest size in
females across years.

Methods
Subjects and site

All data for this study were collected 2016-2020 at Sagehen
Experimental Forest (Sagehen Creek Field Station, Univer-
sity of California, Berkeley) in Sierra Nevada, USA, where
we have studied individually marked (color bands and pas-
sive integrated transponder (PIT)-tags) mountain chickadees
since 2014 (Kozlovsky et al. 2018) at two elevation sites,
referred to as high (ca. 2400 m) and low (ca. 1900 m). It was
not possible to record data blind because our study involved
focal animals in the field.

Food-caching propensity

We used feeder visitation rates over the 4-day annual spa-
tial cognitive testing task as a proxy for caching propensity
(Croston et al. 2016). During such testing, PIT-tagged birds
are expected to learn a location of a single rewarding feeder
within an 8-feeder spatial array (Croston et al. 2016). The
spatial array is equipped with modular microcontrollers con-
nected to antennae built into the feeder perches that moni-
tor all visitation (Croston et al. 2016). During testing, we
counted the number of trials each bird completes over the
4-day task. A trial starts when a bird visits any feeder in the
array and ends when it visits the correct rewarding feeder
(Croston et al. 2016). Chickadees obtain one seed per trial
and then fly away from the array with the seed to consume
or cache it; as such, one trial is equal to one seed collected
from the feeder array. Chickadees complete hundreds of tri-
als during the 4 days of testing; therefore, the number of tri-
als is a good representation of food-caching propensity as a
chickadee needs only a small fraction of these seeds to fulfill
its metabolic requirements and most of the collected seeds
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are likely cached (Pravosudov 1985; Croston et al. 2016).
A small portion of observed differences in visitation may
be related to necessary food consumption; however, such
differences appear to be relatively minor at this scale. There-
fore, we used the total number of trials completed during the
4-day task as a proxy for caching propensity. Data across
5 years of testing was used for this study and was collected
during winter months (2015-2016: November 30, 2016-
2017: March 8th, 2017-2018: March 30, 2018-2019: April
8 and 2019-2020: January 20).

Nest measurements

Approximately 350 identically sized nest boxes (Sonnenberg
et al. 2020) were monitored from April to July during
3 years of the study (2018-2020) across both elevations.
Monitoring included checking each nest box for the status
of nest construction, egg number, and hatch date during the
nest-building, egg-laying, incubation, and post-hatch periods.
Nest boxes were checked approximately one to two times a
week. We used nest depth to estimate nest size, as it captures
the approximate material amount deposited in each box, by
measuring the depth at each of the four corners of the nest
box with a metric ruler and then computing the mean of those
values (Sonnenberg et al. 2020). Females are the sole nest
builders in this species and so nest measurements reflect an
individual female’s behavior. Mountain chickadees rarely lay
two clutches of eggs in a year and so only first of the season
nests were measured and included in analyses. All nests were
measured after the onset of incubation which marks the end of
nest building in mountain chickadees (Sonnenberg et al. 2020).

Statistical analyses

All data were analyzed using R statistical software (R
v.4.0.3, R Core Team 2020). For all analyses, we combined
females from high and low elevations as we were specifically
interested in individual rather than elevation level variation
of these behaviors and their potential associations.

Repeatable behaviors

The repeatability of both nest depth and caching propensity
in individual females was calculated using the R package
“rptR” (Stoffel et al. 2017). Repeatability scores were cal-
culated using a Gaussian distribution and parametric boot-
strapping (nboot=1500) to obtain 95% confidence intervals
for each estimate. Repeatability estimates were calculated
for females that participated in at least 2 years of the study.
A total of 83 females were included in the analysis with
52 females detected in two nesting years and 31 females
detected in all 3 years. Of these females, a total of 15 par-
ticipated in spatial cognitive testing in more than 1 year
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(sampled across 2 years: n=10, 3 years: n=35). A second
repeatability estimate for caching propensity was calculated
for the entire participating population of chickadees across
5 years of comparable study. A total of 183 individuals par-
ticipated in two or more years of testing (sampled across
2 years: n=109, 3 years n=47, 4 years=12, 5 years =10).

Nest building and caching

To determine the relationship between nest depth and food-
caching propensity, mean nest depth was used as the depend-
ent variable and mean total number of trials completed over
the 4-day cognitive task served as the independent variable
in a simple linear regression. There was a total of 57 females
included in the model and the metrics of females that were
detected in more than 1 year were averaged across years
(1 year: n=42, 2 years: n=10, 3 years: n=>5). As 74% of
all included females only had data for both caching and nest
size for a single year, we averaged the data across the years
for the remaining 26% as a more complex model seemed
inappropriate (Silk et al. 2020). The data met all assump-
tions for the linear regression and images were created using
ggplot2 (Wickham 2016; Zuur and Ieno 2016).

Results
Repeatability of nest size and food caching

Nest depth was significantly repeatable across 3 years in
females (n =83, R=0.629, SE=0.064, CI=[0.494, 0.736],

o
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Fig. 1 Nest depths in individual females across 3 years
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p<0.001, Fig. 1). These results were consistent with our
previously published estimates (Sonnenberg et al. 2020:
(R=0.58; CI: 0.36, 0.73; p<0.001)).

Food-caching propensity, measured by the total number
of trials completed during the 4-day cognitive task, was also
significantly repeatable within individual females across
years (n=15, R=0.541, SE=0.177, CI=[0.135, 0.83],
p=0.006, Fig. 2). Caching propensity was also found to
have significant repeatability for the entire tested population
across 5 years (n=183, R=0.303, SE=0.055, CI=[0.196,
0.413], p<0.001, Fig. 3).

Nest size and food caching

The mean nest depth was significantly and positively asso-
ciated with food-caching propensity across the 3 years of
study (n=57, beta=0.35, F, 55=7.76, adjusted R*=0.11,
p=0.007, Fig. 4).

Discussion

Overall, our data support the hypothesis that food caching
and some aspects of nest-building propensity are positively
associated in mountain chickadees. Females exhibited high
repeatability in both nest size and food-caching propensity
across 3 years, despite marked differences in local climate
between years (Kozlovsky et al. 2018; Sonnenberg et al.
2020). Furthermore, females that cached more food tended
to build bigger nests (e.g., brought more nest materials).
Our findings suggest that variation in nest size may be linked
to differences in food-caching motivation, likely as mechanistic
spillover from a highly adaptive behavior to a potentially neutral
one. We previously reported that variation in nest size was not
associated with differences in female breeding experience, local
climate, or reproductive success, but was decidedly consistent
across years within individual females (Sonnenberg et al. 2020).
If there is a similar underlying mechanism relating caching and
some aspects of nest building, the behavior currently under
stronger selective pressure (e.g., caching) may be influencing
the outcome of the other (e.g., nest size). In fact, there may
be other nesting characteristics more important to offspring
fitness that are unrelated to nest size, allowing nest size to be
influenced by another trait. For example, nest site selection
or increased female attentiveness while on the nest may be
more significant to offspring fitness than nest size in obligate
secondary cavity-nesting species (Bouvier et al. 2014; Sofaer
et al. 2020; Sonnenberg et al. 2020). Thus, nest size has the
potential of being indirectly modified by another behavior
that is closely related through a shared mechanism without
causing negative fitness consequences. In fact, the majority
of evidence showing local climate’s impact on nest structure

in closely related taxa concerned non-caching species that
may lack this underlying mechanistic connection to caching
(Britt and Deeming 201 1; Deeming et al. 2012). An alternative
explanation is that increased food-caching propensity may be
associated with improved individual condition prior to the
breeding period, which may result in such individuals being
more able to construct larger nests. We do not think this is
a viable explanation for the findings presented here as we
previously showed that large individual variation in nest size
across different years was not associated with annual climatic
variation and lacked clear fitness consequences (Sonnenberg
et al. 2020). This result held true for both experienced females
and first year breeding females (Sonnenberg et al. 2020).

The idea of spillover between seemingly unrelated behav-
iors is not uncommon (Sih et al. 2004b; Johnson and Sih
2005). Behavioral syndromes have been hypothesized to
be genetically correlated which can imply a similar mech-
anism of control (Sih et al. 2004a, b; Bell et al. 2009).
Highly repetitive behaviors, such as food caching, can be
described as compulsive-like as they are rigidly repeated,
ritualistic, and often exceed the maximum fitness require-
ments. Such behaviors have an overabundance of underlying
innate drive that may be decoupled from daily motivational
state. This high level of baseline motivational drive may
be a byproduct of selection, as for some traits, the repeti-
tive nature of the behavior is highly beneficial to survival.
If two behaviors (i.e., nest building and caching) share a
mechanistic connection, the high baseline drive may spillo-
ver from one behavior into the other. There are numerous
other compulsive-like behaviors exhibited in wild systems
that incur fitness benefits (Eilam et al. 2006). For example,
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territory maintenance in a number of mammal species, in
which they systematically retrace territory boundaries and
repeatedly mark specific locations, comes with fitness ben-
efits, including increased mate choice and decreased pre-
dation risk (Eilam et al. 2006). These repeated, ritualistic
behaviors could easily be described as compulsive and ben-
efit the performer through the maintenance of a large terri-
tory for foraging, mate attraction, and reproduction (Eilam
et al. 2006). It also links two behaviors, locomotion and
scent marking, which appear quite different mechanistically
(Eilam et al. 2006). However, there are examples of how
compulsive spillover can lead to less adaptive outcomes.
For example, the aggressive spillover hypothesis proposed
in several arachnid species provides an explanation as to why
female spiders may kill and eat potential mates despite costly
fitness consequences (Johnson 2013). Apparent compulsive
female aggression overwhelms courtship behavior, result-
ing in either driving the male away or consuming the male
before copulation can take place (Johnson 2013).

Our results also provide an excellent provocation for
future work into the underlying mechanisms relating corre-
lated behaviors. For example, one would assume that if the
multiple behaviors in a suite are mechanistically related,
then that could affect the outcome of one by directly
manipulating the other. This may not be the case for this
particular example as these behaviors are temporally
separated (aka: caching takes place in the fall and winter

Fig.3 Total trial number (cach-
ing propensity) of individual
birds across 5 years
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©
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months, where nest building takes place in the spring) and
altering caching behavior by manipulating the immediate
environment (e.g., physical or social environment) may
not directly impact the shared mechanism controlling the
overall caching motivation. However, it may be possible
in future to precisely manipulate the underlying baseline
drive, by either increasing or decreasing the innate moti-
vational state. As this study only provides the very pre-
liminary description of this syndrome, future experimental
work of this nature would be required in order to actually
tease apart the causal connection between nest building
and caching.

Overall, we provide novel data linking two behaviors with
different functions, food caching and nest building. These
data suggest that one adaptive compulsive behavior, food
caching, has the potential to affect, or spillover, into other
unrelated behaviors. It remains possible that the association
between food-caching and nest-building propensities found
in our study are simply due to chance; however, this finding
warrants more investigation. More data are needed to test if
other disparate behaviors may be similarly associated with
food-caching drive. Additionally, our results may provide a
means to investigate the mechanistic underpinnings of det-
rimental compulsive behaviors in humans, such as obses-
sive—compulsive disorder, using food-caching species as a
model.
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